Best 

Available 

Copy 


(L  AJ-  41538 


V^.^**'*'fly‘****wy 


AD-A280  678 


p^iptur  no. 


29  Vit$T  9  9 tH  Sfurtt;  HSW  YORK  lV/  NlW  YOl^K 


FLOW  OF  A  COMPRESSIBLE  FLUID  IN  A  THIN  PASSAGE 


94-17436 


niHi 


S.  K.  Orinnell  ; 

Assistant  Supervisor,  Design  Division  *■  u  a 

%  ■•  V*  ■■■ 

Dynamic  Analysis  4  Control  Laboratory  rcT 

Massachusetts  Institute  of  Technology  i."  i-  > '  '■  ^ 

Cambridge,  Mass.  V'<  iiiM  1  'X  1S9A 

J  L  l"i  J-  “ 

'I  .  .f. 


LIBRARY  COPY 

/’ul;  •:  •• 


BEST  AVAILABLE  COPY 


Contributed  by  the  Machine  Design  Division  for  presentation  at  the  ASMB 
Diamond  Jubilee  Seml>Annual  Meeting,  Boston,  Mass,  -  June  19-23  •  1955- 
(Manuscript  received  at  ASME  Headquarters  March  4,  1935 •) 

Written  discussion  on  this  paper  vlll  be  accepted  up  to  July  26,  1955. 

(Copies  will  be  available  until  April  1,  195^) 

The  Society  shall  not  be  responslbl >  for  statements  or  opinions  advanoed  In 
papers  or  in  discussion  at  meetings  of  the  Society  or  of  Its  Divisions  or 
Sections,  or  printed  In  Its  publications. 

ADVANCE  COPY:  Released  for  general  publication  upon  presentation. 


Decision  on  publication  of  this  paper  in  an  ASME  journal  had  not  been  taken 
when  this  pamphlet  was  prepared.  Discussion  is  printed  only  if  the  paper  is 
published  in  an  ASME  journal.  -.t*^***-- 

Q  ft  fS  5> 


8  052 


ABSTRACT 

Pressure  distribution  and  velght-flou  rate  oan 
be  predicted  for  lasdiiar  eompresslble-fluld  flou  In 
a  thin  passage  by  use  of  the  methods  presented  In 
this  paper.  A  simplified  method  oan  be  used  readily 
when  the  fluid  forces  due  to  viscous  action  predoml« 
nate  over  those  due  to  acceleration  of  the  fluid.  A 
more  complicated  trlal>and-error  method  seems  to  be 
required  for  larger  passages  where,  though  the  flow 
may  be  laminar,  the  momentum  effects  due  to  acceler* 
atlon  of  the  crapressible  fluid  are  appreciable.  An 
experimental  apparatus  was  used  to  examine  the  va. 
lldlty  of  the  analytical  work.  Experimental  pressure 
distributions  agree  within  a  maxlmu  deviation  of  10 
per  cent  with  the  theoretical  distributions  predicted 
by  both  the  comprehensive  and  simplified  theories. 
Experimental  weight-flow  rates  agree  within  a  maximum 
deviation  of  50  cent  with  predictions  of  the 
simplified  theory.  Dimensionless  plots  of  pressure 
distribution  are  presented  with  experimental  curves 
^l^itflow  rate  versus  pressure  ratio  for  various  ratios 
of  passage  length  L  to  passage  height  h.  These  plots, 
together  with  simple  equations .  have  been  prepared 
for  direct  use  by  the  designer. 
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now  OF  A  CONPRBSSIBU  FLUID  H  A  THU  TAMAOB 

by  S.  K.  Orlimtll 
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KONSHCLATURB 

nw  following  noaenolature  1*  used  In  the  ptFtrt 
oroee-seotlonal  area  of  passage,  sq.  In. 
wall  area,  sq.  In. 

width  of  passage  transverse  to  flow.  In. 
speed  of  sound,  Ips 

speolflo  heat  of  gas  at  oonstant  pressure,  sq  In./see^vdeg  X 
hydraullo  dlaaeter.  In. 
frlotlon  factor 

aooeleratlon  due  to  gravity,  In/seo^ 
height  of  passage.  In. 
ratio  of  speolflo  heats 

length  of  passage  In  direction  of  flow.  In. 

Ifa<di  nusiber 
pressure,  psl 

voltsse  rate  of  flow,  In.Vxb 
universal  gas  oonstant,  sq  In./seo^-deg  R 
Reynolds  nuabers 
teaperature,  dag  R 
fluid  velocity,  Ips 
fluid  velocity,  Ips 

distance  along  passage  In  flow  direction.  In. 
distance  froa  center  line  of  passage  transverse  to  flew,  la. 

viscosity  Ib-seo/sq  In. 

2 .  4 

density,  lb>seo  /In. 
fluid  shear  stress,  psl 


fluid  shear  stress  a?  wall,  psl 
weight  flow  rate,  Ib/see 


.  2  . 

nTRODDCTIOM 

With  ourrcnt  Interest  and  activity  In  tha  davaloiMMnt  of  pna\atatlo  oosponanta 
and  syataaa.  thara  la  a  naad  for  baalo  Inforaatlon  In  raadlly  uaabla  font  oonoamlng  tha 
flow  of  ooapraaalbla  flulda  In  varloua  typaa  of  flow  paaaagaa.  Daalgnara  of  pnauauttlo 
■aohanlama  raqulra  Inforaatlon  that  will  anabla  than  to  pradlot  laakaga  flowa  and  tha 
dlatrlbutlon  of  praaaura  along  laakaga-flow  patha.  Flow  paat  rotating  and  atatlonary 
ahafta.  flow  In  "hydroatatlo"  air  baarlnga.  laakaga  flow  In  control  valvaa,  and  tha  flow 
In  pnauaatlo  raalatanca  alasanta  ara  axaaiplaa  of  Whara  thla  naad  haa  baoona  apparant. 

Tha  ganaral  problam  of  gaa-laakaga  flowa  In  narrow  ohannala  of  conatant  oroaa> 
aactlonal  araa  waa  traatad  by  A.  Egll  (1)^  In  1937  •  with  apaclal  attantlon  to  tha  caaa  of 
laakaga  flowa  paat  tha  a tana  of  air  and  ataaai  valvaa.  Q.  L.  Shlraa  [Z)  haa  alao  traatad 
tha  flow  In  a  narrow  alot  with  particular  rafaranca  to  tha  problam  of  a  "hydroatatlo” 
oompraaalbla^fluld  bearing.  Tha  work  to  ba  daaorlbad  In  thla  paper  la  part  of  a  thaala 
Invaatlgatlon  on  tha  daalgn  of  "hydroatatlo”  air  baarlnga. 

Tha  problam  traatad  hare  la  that  of  oompraaalbla  fluid  flow  In  a  thin  paaaage, 
aa  ahown  In  Fig.  1.  Tha  width  b  of  the  flow  paaaage  traniverae  to  tha  direction  of  flow 
la  of  tha  aama  order  of  magnitude  aa  the  length  of  tha  paaaage  In  tha  direction  of  flow  L, 
and  the  ratio  of  tha  height  of  tha  paaaage  h  to  tha  length  L  la  vary  amall.  For  thla 
range  of  gaomatrlo  parametara ,  flow  may  be  oonaldared  laminar  and  aaaaatiaily  one* 
dlmanalonal.  Aa  tha  analyaea  and  experimental  work  demonatrata,  tha  vlaooua>Bhaarlng 
foroaa  predominate  over  acceleration  forcaa  whan  tha  ratio  of  height  to  length  h/L  la 
vary  aamll.  but  tha  momentum  foroaa  aaaoolatad  with  tha  acceleration  of  tha  fluid  become 
more  Important  aa  h/L  baoomaa  larger. 


ANALYSES 


Adiabatic.  Conatant-Araa  Flow  of  a 
Compraaalbla  Fluid  with  Friction 

A  oomprahanalve  analyala  which  haa  bean  given  by  A.  Shapiro  (4)  for  tha  flow 
of  a  oompraaalbla  fluid  In  a  constant-area  passage  Includes  tha  affaota  of  temperature 
change  as  well  as  friction  and  momentum  effects  acting  In  tha  fluid.  However,  tha  so¬ 
lution  la  not  In  the  font  of  explicit  relationships  that  may  be  used  directly  for  design 
purposes.  Solutions  to  many  problems  associated  with  thla  type  of  flow  muat  ba  found  by 
a  trlal-and-arror  process  because  tha  stream  properties  and  flow  rata  ara  Intardapandant 
In  a  nonlinear  way. 

Tha  purpose  of  this  analysis  la  to  show  how  tha  stream  properties  vary  along 
the  length  L  of  a  duct  of  constant  width  b  and  constant  height  h. 

Tha  principal  assuatptlons  ara: 

1  Tha  flow  la  ona-dlmanalonal  and  steady. 

2  Tha  working  fluid  Is  a  perfect  gas. 

3  Thara  are  no  external  heat  or  work  affects,  and  differences  In 
elevation  ara  negligible. 
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Tfttdarllnad  numbers  In  parentheses  refer  to  the  Bibliography  at  the  end  of  the  paper 


Tw>  motions  of  tho  duot  aro  oonsldorod  to  bo  an  Inflnlteslaal  dlstanoe  dx 
apmt  as  shown  In. Pig.  2(a). 

If  a  porfoot  gas  rolatlon  la  asauxod. 


P  -  Pm 


than  by  logarltholo  dlfforontalls 


.  iP  +42 

f  ~  V  T 


Froo  tno  definition  of  the  Maoh  nuaber 


M-ZorU^.-L 


where 


-  sound  veloolty  ■If 


the  following  equation  la  obtained 


dM^  dV^  dT 


The  energy  equation  of  steady,  adlabatlo  flow  of  a  perfeot  gas  Is  written 


0  dT  +  ^  »  0 
P  9 


By  dividing  throu^  by  OpT,  and  by  vising  the  definition  of  Naoh  nvwber,  Vhere 
Op  «  kR/(k*l) ,  Equation  (6)  beoonea 


42  +  ]£ll  m2  -  0 

T  2  V2 


The  continuity  equation  Is 


oonst 


Since  A  Is  oonstant,  with  use  of  logarlthsilo  differentials 


^  +  4Z  .  0 

V  V 


.  4  . 


or  oiBOo 


Proa  Pig.  2(o)  >  tlio 


«P  _  1  /dP*  \ 

▼  2  J 

^  ■  i  (I?)- 


0  .  (11) 


atvi  oquatlon  li  writton 


•AdP  - 


iihoro  A  li  tho  orooo-iootlonal  aroa .  'Cw  la  tha  abaar  atraaa  azartad  on  tha  atraaa  by  tba 
aOILat  and  dA^  la  tha  wall  araa  orar  idiloh  aata. 

loo  tha  drag  ooaf f lolant .  or  frlotlen  factor  f •  la  tha  ratio  of  tha  ahaar 
atraaa  to  tha  dynaalo  hoad  of  tha  atraaa  and  la  a  aaaanra  of  tha  ralatlra  alsalfloanea  of 
Tlaooua  and  aoaantvB  affaota 


Tha  hydraulic  dlaaatar  D  la  daflnad  aa  four  tlnaa  tha  ratio  of  eroaa»aaotlonal  araa  to 
uattad  parlaatar 


D  a  4  JL.  dz  or  dA. .  « 


Whan  Bouatlona  (8).  (17),  and  (14)  ara  Introduead  Into  Bguatloo  (12) 


4f  P  I.  ^  .  -S)  dP  «  ?P^  SI 
2  D  gA  P 


By  dividing  toy  P.  Ohara  P^  >  and  by  ualng  Equation  (10) 


4fi£  +  £!!  ^.0 


P  2 
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Tha  flva  alaultanaoua  aquatlona,  naaaly.  Bqoatlona  (2),  (5),  (7)»  (11) >  and 
(16),  nay  toa  oontolnad  to  glva  tha  dlffarantlal  aquatlona  f or  P  and  N  aa  funetlona  of  <11  dz^ 


s-  ■ 


(1  ♦‘il.jiilw  a 

\  1  •  I|2  j  D 


(17) 


(18) 
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By  flrit  Integrating  differential  Equation  (17),  M  oan  be  found  aa  a  function  of  x.  If  f 
la  aaained  to  be  oonatant 


The  lladta  are  aa  follovat 

1  The  entrance  where  Nach  number  la  and  x  la  aero. 

2  The  aection  a  dlatance  L  along  the  paaaage  where  Mach  number  la  N2. 


glvea 


The  Integration  for  the  special  caae  where  the  final  Mach  number  la  unity 


where  la  the  Idngth  required  to  attain  a  final  Mach  number  of  unity.  Since  HfL/D 
la  a  function  of  Mach  number  only ,  the  length  of  duct  for  a  flow  to  paaa  from  Mach 
number  to  M2  can  be  found  from 


where  f  la  a  mean  friction  factor. 


If  the  paaaage  length  L  la  greater  than  I«ax>  "choked,"  with  the 

result  that  Mx  and  flow  rate  decrease  as  L  la  Increased.  The  exit  Mach  number  N2  will 
be  unity  for  L  equal  to  or  greater  than  I^ax* 


The  expression  for  dF/t  oan  be  integrated  similarly  once  N  la  known  as  a 
function  of  X,  In  order  to  find  the  pressure  distribution  along  the  passage.  These 
expressions  relating  the  Mach  number,  pressure,  length  of  passage,  and  friction  factor 
have  been  tabulated  In  Table  42  of  the  das  Tables  (5). 


If  friction  factor  f  as  a  function  of  Reynolds  number  Re,  Inlet  pressure  Fi, 
outlet  pressure  fz,  and  the  dimensions  of  the  passage  L,  h,  and  b  are  known,  the  flow 
rate  and  pressure  distribution  oan  be  found  by  referring  to  Table  42.  An  exit  l^oh 
number  of  unity  Is  first  assumed.  The  pressure  ratio  FxAz  i>  4hen  equal  to  F^  In 
Table  42,iiiere  F  Is  the  pressure  when  Mach  number  Is  unity,  and  for  this  value  of 
^lAa  there  Is  an  entering  Mach  number  Nx  and  (4fL»n-rA))iij^.  From  Nx  and  a  knowledge 
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pf  Ti.  Vi  oan  b«  oaloulatad  froB  Equation  (4).  For  this  value  of  7i  and  a  corresponding 
ReTnolds  nuBber>  there  Is  a  value  of  friction  factor  f.  With  the  dlaenslons  L  and  h, 
uhere  2h  >  D>  4fLA>  oan  be  obtained.  If  this  nuaber  Is  equal  to  (4fLBax/^hli >  exit 
Naeh  number  M2  le  unity.  If  4fL^  Is  lass  than  (4fIinn'rA))  >  the  exit  Mach  number  M2  Is 
less  than  unity.  If  4fL^  Is  subtracted  from  (4fLBax^)M}^  to  obtain  (4fIaaxA)M2>  the 
corresponding  Mg  and  (F/P*)^  can  be  found.  If  kfL/D  Is  greater  than  (‘•■fl^iiax^^Mi  ’ 
flow  Is  choked,  and  by  trlal>and-error ,  a  new  4fL^  must  be  found  such  that  (4flB^^)M2 
and  4fL/D  are  equal  for  new  values  Mj  and  (P/P*)j^. 

For  any  of  the  three  cases ,  the  flow  rate  Is  then 


(0  =»  ^jgbhVj 

and  pressure  distribution  oan  be  found  by  using  Intermediate  values  of  P/P  and  4fLB^^. 


Simplified  Analysis  Meglectlng  Momentum  Effects 

A  simplified  analysis  that  neglects  momentum  effects  leads  to  explicit  relation¬ 
ships  for  pressvire  distribution  and  flow  rate.  The  Eagen-Polseullle  analysis  which  assumes 
that  wall-frlotlon  forces  are  predominant  Is  developed  for  a  compressible  fluid  In  a  thin 
passage.  The  assumptions  are  as  follows 

1  Viscous-shear  forces  govern  the  flow  to  the  extent  that  momentum  forces  oan 
be  neglected. 

2  The  flow  Is  laminar  and  fully  developed. 

3  Temperature  Is  constant  throughout  the  flow. 

From  Fig.  3.  showing  an  element  of  fluid  acted  on  by  shear-stress  and  pressure 
forces ,  the  static  equilibrium  equation  oan  be  written  as 


2Pby  -  (P-dP)2by  -  2Z  bdx  =0  .  (22) 

By  Newton's  (£)  law  of  viscous  flow 

T  »  -fit  —  .  (23) 

^  dy 


where  u  Is  the  velocity  of  a  particle  at  a  distance  y  from  the  center  of  the  passage ,  fj  la 
viscosity,  and  T  Is  the  shear  stress.  When  Eqiiatlons  (22)  and  (23)  are  combined 


du=  -  i 


dy  SE 
dx 


(24) 


By  Integrating  u  with  respect  to  y  and  by  substituting  the  limits  if  =  h/2,  u  =  0,  the 
equation  of  the  velocity  distribution  Is 


This  Is  a  parabolic  distribution,  as  shown  In  Fig.  3. 
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Th»  arM  for  flow  li  Zbj  for  on  Inoroaont  of  flow  dQ  so  that 
dQ  -  ibjr  fhf  _  d£  . 

p  V  8  2  /  dx 

Intogratlng  the  flow  oror  tho  ontlro  flow  aroa>  putting  in  Halts,  siaplifying,  and  adding 
a  minus  sign  heoause  dp/dx  is  negative  In  the  direction  of  flow  yield 


J2JL  5E 

12|A  dx 


(27) 


The  e<|uatlon  for  welght>flow  rate  now  oan  be  written 


PgQ  « 


gbh^ 

12^  dx 


Introduction  of  the  perfect  gas  law 


(28) 


yields 


“F 


-  RT 


(29) 


U,  -  .  fiShil  ^ 

l^T  dx 


(70) 


Wbe  welght>flow  rate  Is  constant  over  any  cross  section  and  because  of  the  assuaptlon  of 
constant  tesperature »  the  viscosity,  which  Is  principally  temperature>dependent ,  will  remain 
constant.  Then  Integration  to  find  the  pressure  P  at  any  point  almg  the  flow  path  gives 


(31) 


Therefore,  the  pressure  distribution  In  the  direction  of  flow  Is  parabolic. 


By  use  of  the  sane  relationships  to  find  welght>flow  rate.  Integration  over  the 
length  of  the  flow  path  L  gives 


CO 


gbh 


(V  -^2^) 


(32) 


jl^TL 

2  A 

Proa  Equation  (72)  the  welght«flow  rate  oan  be  computed  If  the  end  conditions 
and  geometry  of  the  flow  path  are  known. 


EZFSRXNEITAL  APPARATUS 

In  order  to  Investigate  experimentally  the  pressure  distribution  and  flow  throu^ 
a  thin  passage  between  flat  plates ,  a  simple  fixture  with  a  movable  plate  and  a  fixed  plate 
each  6  l/k  In.  wide  and  4  In.  long  was  designed,  as  shwon  In  Fig.  4. 
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Th*  aat^rlal  wi«d  In  the  flow-boundarr  siirfaoee  waa  SJU5  1045  hot»rolled  steel 
stabilised  by  nonallslng  before  rwig^  and  finish  aaohlnlng.  The  surfaoes  of  the  tvo 
plates  were  lapped  together  to  produoe  very  fine  flat  surfaoes  which  were  given  a  black> 
oxide  finish  to  protect  them  from  corrosion.  The  resulting  brl^t  black  finish  had  a 
surface  rou^mess  less  than  4  ^Un.  nns. 

As  shown  In  Fig.  4,  all  parts  of  the  apparatus  were  made  heavy  enough  to 
minimize  the  possibility  of  deflections  that  would  Invalidate  the  results  of  the  experi¬ 
mental  work. 

The  movable  plate,  which  Is  3A  In.  thick,  has  an  0-rlng' around  Its  olrcuoifer- 
enoe  to  seal  against  leakage  between  It  and  the  annular  ring  Into  which  It  fits  with 
approximately  0.005-ln.  clearance  all  around.  A  second  0-rlng  seals  the  space  between 
the  annular  ring  and  the  1  l/2-ln. -thick  base  plate. 

Three  differential  screws  provide  the  adjustment  for  the  separation  between 
the  flow  plates,  and  3-dlal  Indicators  measure  the  plate  separation.  The  differential 
socewB  have  a  Ro.  6-4o  thread  which  mates  with  a  hole  In  the  movable  plate  and  a  No.  8-36 
thread  which  mates  with  a  tapped  hole  In  a  stationary  arm  attach^  to  the  base  plate. 

This  arrangement,  providing  a  motion  of  lAOO  In.  per  revolution  of  the  screw,  allows 
fine  adjustment  of  the  passage  height  h. 

A  grid  of  8l-l/32-ln-dlam  pressure-tap  holes  consisting  of  9  rows  of  9  holes 
each  on  l/2«ln.  centers  In  the  direction  of  flow  and  5/8-ln.  centers  at  right  angles  to 
the  direction  of  flow  cover  the  stationary  base  plate .  A  manifolding  plate ,  which  was 
lapped  with  the  underside  of  the  base  plate  after  grinding  to  give  a  sealing  surface, 
can  be  located  by  means  of  a  rack-and-plnlon  arrangement  to  lead  out  pressures  fr<»i  l8 
points,  9  from  each  end  of  the  manifold  plate.  The  apparatus  schematic  of  Pig.  5  shows 
the  vernier  arrangement  providing  5  positions  In  which  2  rows  of  holes  are  synchronized 
to  feed  pressures  to  the  ends  of  the  manifold  plate.  This  system  of  pressure-tap  mani¬ 
folding  permitted  the  use  of  l8  mercury  man<H&eters  for  press\ire  measurements  Instead  of 
the  82  which  would  have  been  required  without  the  manifold. 

Two  sets  of  three  l/2-ln-dlam  tubes  lead  Into  opposite  pressure  chambers 
through  the  sides  of  the  base  plate  to  feed  air  In  and  out  of  the  apparatus.  The 
pressure  chambers  are  5/l6  by  1/2  by  6.lA  in. ,  providing  large  enough  volume  so  that 
flow  velocities  before  and  after  the  flow  plate  restriction  are  negligible. 


IRSTRimEIITATION 

A  schnsatlc  diagram  of  the  general  instrumentation  and  air  supply  and  exhaust 
arrangement  Is  shown  In  Fig.  5> 

Three  dial  Indicators  with  4-ln.  dials  and  0.001-ln.  graduations  were  used  to 
measure  the  separation  between  the  plates. 

Eighteen  vacuum-type  manometers  were  used  to  measure  the  pressure  distribution. 
The  vacuxa-manometer  board,  shown  In  the  photograph  of  Fig.  4  and  drawn  schematically  In 
Fig.  5,  has  a  large  reservoir  of  mercury  maintained  at  atmospheric  pressure.  The  operating 
supply  pressures  for  the  tests  ranged  from  2/3  atm  to  2  atm  on  the  upstream  side  and  from  1 
atm  down  to  1/10  atm  on  the  downstream  side.  The  mercury  manometers  could  be  read  to 
within  1/20  In.  of  mercury  or  approximately  1/40  psl. 


-  9  - 

A  Mllbr«t«d  orlfloe  flowater  oonstruoted  aooordlng  to  ASKS  Standards  vas  used 
to  ■oaaare  nolgbt^floa  rat*.  The  preeaure  taps  before  and  after  the  orlfise  were  oonnaot* 
ed  to  a  differential  water  nanoBeter  and  alao  to  separate  absolute-pressure  Bereur;  aano- 

Betera . 


Iron-oonstantan  thensoaouples  were  placed  In  both  the  upstreaB  and  downatreaa 
ohaBbers  to  Beasure  the  teaperature  at  entiwtnoe  and  exit  of  the  flow  passage.  A  Leeds - 
Northrop  Wheatstone  bridge  potentloBeter  circuit  was  used  to  Beasure  the  thermocouple 
potential  within.  0.1  bv. 

A  pressure  tap  was  placed  In  both  the  upstreaB  and  downstream  pressure  chambers 
to  determine  the  end  pressures.  These  taps  were  connected  to  mercury  U-tube  manometers 
that  could  measure  as  high  as  2  atm  or  as  low  as  perfect  vacuum. 

The  upstream  side  of  the  apparatus  was  connected  throu^  orifice  floweter, 
valve,  and  flexible  hose  to  a  123-psl  air  compressor.  The  downstream  side  of  the 
apparatus  was  connected  through  a  valve  to  a  steam  ejector  which  Is  capable  of  handling 
0.2  lb  of  air  per  second  at  a  pressure  of  2  psla.  The  capacities  of  both  compressor  and 
ejector  were  more  than  adequate  for  this  work  because  flows  of  less  than  0.01  Ib/sec 
were  used  at  all  times. 


OPERATION  AND  DATA 

Pressure  distribution  and  weight-flow  rate  data  were  taken  with  the  flat-plate 
apparatus  for  operating  pressure  ratios  ^\/^2  ^  range  from  2  to  12.  Clearance  ratio 
hA  vaa  varied  between  lAOOO  and  I/667. 

The  streamlines  were  determined  to  be  very  nearly  parallel  In  the  major  flow 
direction  by  means  of  very  fine  oil  lines  on  the  test  plates  made  In  one  set  of  runs. 

A  set  of  runs  was  made  with  shlBS  determining  the  plate  separation  as  a  check 
on  the  accuracy  of  the  settings  read  from  the  dial  Indicators  used  for  determining  plate 
separation  In  the  sajor  portion  of  the  runs. 


RESULTS 

The  pressure  distributions  calculated  from  both  the  comprehensive  and  simplified 
analyses  are  compared  with  experimentally  measured  distributions  In  Fig.  6  and  7.  The  ^  . 
simple  theory  la  seen  to  be  good  for  very  small  hA  ratios  In  the  range  from  lAOOO  to 
lAOOO,  as  given  In  Fig.  6.  For  the  extremely  small  clearances  Involved,  the  momentum 
effects  can  be  neglected,  and  the  simplified  theory  used  to  predict  the  pressure  distri¬ 
bution.  For  very  small  clearances,  the  quantity  kfL^^^A  becomes  very  large,  and  errors 

in  using  Table  42  of  the  Oas  Tables  (^)  are  large,  with  the  result  that  the  comprehensive 
method  does  not  give  very  accurate  results. 

However,  as  the  clearance  Is  Increased  to  Where  hA  is  I/667,  as  shown  in  Fig,  7, 
the  pressure  distribution  predicted  by  the  simplified  equation  does  not  agree  as  well  with 
the  experimental  pressure  distribution.  For  these  larger  ratios,  the  complete  analysis 
prediction  of  pressure  distribution  based  on  Shapiro's  methods  (4)  agrees  well  with  the 
experimental  pressure  distribution. 
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The  v«lght-flo«  rate,  vhloh  is  predicted  to  be  a  function  of  the  paesage  hel^t 
cubed  by  the  slnpllfled  theory.  Equation  (32).  la  found  experimentally  to  be  somewhat 
different,  as  shown  In  Fig.  8.  It  would  be  expected  that  for  large  h/L  ratios  where 
lUMientum  effects  are  Important  the  experimental  weight-flow  rates  would  be  smaller  than 
those  predicted  by  the  simplified  theory. 


Experimental  weight-flow  rates  obtained  for  various  h/L  ratios  as  a  function  of 
pressure  ratio  presented  In  Fig.  9  for  a  passage  1-ln.  long  and  1-ln.  wide. 

A  plot  of  experimentally  obtained  friction  factor  f  versus  Reynolds  number  Is 
given  In  Fig.  10.  The  friction  factors  calculated  from  the  experimental  weight-flow  rates 
agree  reasonably  well  with  the  work  of  Egll  (1^) .  as  Is  Illustrated  by  a  comparison  of  the 
curves  of  Fig.  10. 


CORCLOSIOKS 

A  parabolic  pressxire  distribution  Is  accurate  for  passage  helght-tc -length 
ratios  of  l/lOOO  and  smaller  where  momentum  effects  can  be  neglected  and  viscous  forces 
predominate.  For  this  same  range  of  passage  height- to- length  ratios,  the  simplified 
relationship  that  weight-flow  rate  as  a  function  of  passage  height  cubed  proves  reasonably 
accurate. 


For  larger  passage  helght-to-length  ratios  where  the  flow  Is  laminar,  the 
pressure  distribution  and  weight-flow  rate  can  be  predicted  by  using  the  methods  which 
account  for  momentum  effects.  The  table  of  friction  factor  versus  Reynolds  number 
(Fig.  10)  and  Table  42  of  the  Gas  Tables  (^)  facilitate  calculations. 
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CAPTIOBS  FOR  ZLLUSTRAZZOBS 


Fig. 

1 

Fluid  flow  In  a  thin  passage 

Fig. 

2 

Bleaent  of  fluid 

Fig. 

3 

Bleaent  of  fluid 

Fig. 

4 

Bxperlaental  fixture 

Fig. 

5 

Bzperlaental  apparatus 

Fig. 

6 

Dlaenslonless  plot  of  pressure  distribution 

Fig. 

7 

DlaenslonlesB  plot  of  pressure  distribution 

Fig. 

8 

Weight  flow  rate  uersua  passage  height 

Fig. 

9 

Weight  flow  rate  versus  pressure  ratio 

Fig.  10  Frlotlon  factor  varsus  Reynolds  nuaber 
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